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Introduction. The effect of the organic component nature in the 
systematic series of monocarboxylic acids on the tribological 
characteristics of the brass-steel friction pair in aqueous solu- 
tions is described. Dependence of the mechanical-and-physical 
properties of the antifriction films formed during friction on the 
nature of the lubricating composition is investigated. The work 
objectives are to study the applicability of carboxylic acids as 
an antifriction lubricant component; to assess their effect on the 
mechanical properties of the servovite film formed under the 
brass — steel friction. 

Materials and Methods. Tribological studies of the brass-steel 
friction pair on the AE-5 end-type friction machine are carried 
out. Roughness parameters of the servovite film were deter- 
mined through the optical profilometry. The microgeometry and 
the object structure at the nanoscale were considered using 
atomic force microscopy. The mechanical characteristics of the 
antifriction film were investigated using the instrument 
nanoindentation. 

Research Results. Tribological characteristics of the brass-steel 
tribocoupling and mechanical-and-physical properties of the 
servovite film formed during friction in the “brass — aqueous 
solution of carboxylic acid — steel” system were studied. It is 
established that the friction factor reduces when increasing the 
hydrocarbon radical length. The dimensional effects are found 
in the mechanical and tribological properties of the servovite 
film formed on the surface of the friction interaction in the car- 
boxylic acids. 


Discussion and Conclusions. The study results show that the 





Beedenue. B padote moKa3aHo, KakHM OOpa30M Mpupoya op- 
TaHHYecKOH KOMIOHEHTBI B CHCTeEMaTHYeCKOM pay OAHOOC- 
HOBHBIX KapOOHOBBbIX KHCJIOT BIMAeT Ha TpHOouorMueckne 
XapaKTepHCTHKH Mapbl TpeHuaA «aTyHb — CTaJIb» B BOJHBIX 
pactBopax. V3y4eHa 3aBHCHMOCTb (p)H3HKO-MexaHHuecKHx 
CBOMCTB aHTH@PUKUMOHHBIX WIeHOK, POpMUpyIOWHxcaA Np 
TpeHHH, OT NpHpoyb! cMa304uHOH KoMNo3HuMH. Liem padorsi: 
W3Y4HTb BO3MOXKHOCTH MCMOIb30BaHHA KapOOHOBBIX KHCJIOT 
Kak aHTH(pHKUMOHHBIX KOMMOHEHTOB CMa304HOrO MaTepHa- 
la; OWCHHTb UX BIIMAHWe Ha MeXaHH4eCKHe CBOHMCTBa CepBO- 
BUTHOM IIeHKH, (OpMUpyrollelica IpH TpeHuu MaTyHH 110 
cTasiH. 

Mamepuaavi u memoovi. Wposeyzenbi TpuOomormuyeckue Hc- 
CleqOBaHHA Wapbl TpeHHA «aTyHb — CTaJIb»» Ha MallMHe 
TpeHua TopyeBoro Tuna AE-5. [lapamMetpbi mepoxoBaTocTu 
CepBOBHUTHOHM IWICHKM ONpeeAIMCb C MOMOLIbIO ONTHYeCKOH 
mpodunometpuu. Muxporeometpua u CTpyktTypa oObeKTa Ha 
HaHOYpOBHe MCCJIeqOBaIMCb C TIOMOLI[bIO aTOMHO-CHJIOBOM 
Mukpockonmu. Mexanwueckwe xapakTepHCTuKH aHTH@puK- 
IMOHHOM WICHKH W3Y4aJIM C MOMOLIbIO HHCTPyMeHTasIbHOTO 
HaHOHH]eCHTHpoBaHHa. 

Pezyiemamei uccaedosanua. Visyaenbi tTpudonormyeckue 
XapaKTepHiCTHKH TpHOoconpmKeHHA «aTyYHb — cCTalIb» HU 
(pu3MKO-MexaHHyeckHe XapaKTepHCTHKH CepBOBHTHOM MIeH- 
KH, (opMupytoljelica pH TpeHHu B CHcTeMe wiaTyHb — 
BOJHBIM pacTBOp KapOOHOBOH KHCIIOTbI — cTalIb». YcTaHoB- 
JI€HO, 4TO Ip yBeIMYeCHHM [MHI yrueBoOpoyHoro payH- 
Kala KooPPUUHeHT TpeHua cHwKaeTca. OOHapyxKeHbI pa3- 
MepHbiIe 9oP@ekTbl B MeXaHW4YeCKHX HM TpHOoMOrM4eCKHX 
CBOMCTBaxX CepBOBHTHOM MWIeHKU, (OpMupyroljelica Ha T0- 
BePXHOCTH (PpHKIUHOHHOTO B3aHMOeHCTBUA B BOJHBIX pac- 
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friction interaction on the wearing surface in the aqueous solu- O6cyorcdenue u 3akniouenua. Pe3ynbTaTbl MCceqOBaHHA T0- 


tions of carboxylic acids forms a nanostructured servovite film Ka3bIBalOT, 4YTO IPH (PHKUMOHHOM B3aMMOelicTBM Ha T10- 


which drops the friction factor. Its mechanical, physical and BEPXHOCTH TPeHHA B BOJHBIX pacTBopax KapOOHOBbIX KUCIOT 


cbopmupyetca HaHOCTPYKTypHadA CepBOBHTHaA WICHKa, Pe3KO 


tribological parameters depend on the composition of the model 
ie : : : : cHIpKaloljat KooppuuweHt tTpenua. Ee du3nKo- 
lubricating medium. It is determined that the local mechanical- 
j : ; MexaHHyeckHe HM TpHOoMOrMYecKHe HapaMeTpbI 3aBHCAT OT 
and-physical properties depend on the method of producing the cocTaba MoflenbHOi cMazouHOi cpemsi. OnpeneneHo, 4To 


servovite layer, the load and the size of the deformation zone. HOKasbHbIe :pu3UKO-MexaHMyeckue CBOliCTBA 3aBHICAT OT CIIO- 
The results obtained can be used in the development of lubri- co6a TlOJIy4eHHA CePBOBHTHOFO CJIOA, Harpy3KH WM pa3Mepa 
cants. 30HEI ecbopmMuposanusa. [lomyyeHHble pe3yiIbTaTbl MOryT 


ObITbh HCHOJIb30BaHbI Tipu pa3paboTKe CMa304UHBIX MaTepHa- 


JIOB. 
Keywords: friction factor, selective transfer, servovite film, Kooyepbie c0Ba: KosppuyHesT TpeHua, u30upaTesbHBIli 
dimensional effects, surface roughness. TlepeHOC, CepBOBHTHat TIeHKa, pasMepHble 9@exThl, Wepo- 


XOBATOCTb MNOBCpXHOCTH. 


For citation: Burlakova V. E., et al. Mechanical properties O6pazey dna yUumupoeanua: Mexanvadeckie CBOMCTBA Cep- 

of servovite films formed in aqueous solutions of BOBHTHBIX IMICHOK, (POPMMPY!OUIMXCA MIP TPeHMH B BOJHBIX 

carboxylic acids under friction. Vestnik of DSTU, 2018, vol. pactBopax kapOoHosbIx KucoT/ B. 9. bypnakosa [n xp.] // 

18, no.3, pp. 280-288. https://doi.org/10.23947/1992-5980-  BectHux Jou. roc. Tex. ya-ra. — 2018. — T. 18, Ne 3. — 

2018-18-3-280-288 C. 280-288. _ https://doi.org/10.23947/1992-5980-2018-18-3- 
280-288 


Introduction. A rapid development of modern machine building increases opportunities of constructing ma- 
chines that operate under the extreme conditions. Thus, the motivation of the life growth of the friction units rises with 
the demanding requirements for the mechanical properties of materials. 

The friction conditions with high energy density impose a number of specific requirements on the machines 
and equipment in terms of the tribological characteristics, reliability and service life. The critical working conditions of 
tribo-mating surfaces affect the flow of force, loss of energy, and, eventually, dynamic behavior of the complete mech- 
anism. Space distributions of topographic irregularities, as a rule, negatively affect the operational capabilities of ma- 
chines and mechanisms. In other words, the load-bearing capacity of friction units hinges on the basic parameters of the 
surface state. They affect the interaction conditions in the contact area, adhesion, and deformation, thereby generating 
vibrations during the friction process [1] and causing uneven wear. 

In this case, the greatest antifriction efficiency is demonstrated by the lubricants [2-6] containing metal addi- 
tives, such as copper, aluminum, silver. These materials form protective metal plaque shells on the tribo-mating surfac- 
es in the process of friction. Thus, a low friction factor and a medium low wear are provided in a wide range of contact 
pressures and slip velocities [2, 3]. The process of metal plaque filming of the surface layers in-service enables to “heal” 
surface defects (cracks, pores, accumulated fatigue damage). This essentially increases the antifriction characteristics 
and improves the mechanical-and-physical properties, which is of prime importance for the reliable operation of the 
friction units, and the lifetime extension. 

It is notable that the formation of transfer films is possible under friction in aqueous-alcoholic media with no 
visible total wear of the mating surfaces [7, 8]. In the engineering practice, the use of selective transfer gives a real op- 
portunity for designing long-life and effective friction units in the movable mating of parts and components of machines 
and mechanisms [8]. 

In this context, it is interesting to consider the effect of the lubricating medium composition on the mechanical 
and tribological parameters of the servovite film forming in the “brass-steel” tribo-pair (aqueous solutions of carboxylic 
acids are used as a lubricant medium). 

Materials and Methods. Evolution of the friction factor of the “brass 59 — aqueous solution of carboxylic ac- 
id — steel 40X” system was investigated in the “Hybrid Functional Graphene-Based Materials” laboratory of the Re- 
search and Education Center (REC) “Materials” on the AE-5 end-type friction machine. The experiments were carried 


out under the following conditions: rotation speed was 180 rpm; axleload was 98 N; the test time was 10 hours. The 
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monocarboxylic acids of the limiting series with the general formula of R-— COOH (R = C,,Aon+1) were used as an or- 
ganic component of the lubricant composition. 

The mechanical characteristics (hardness — H and Young modulus — £) of servovite films were determined by 
the instrument indentation method [9, 10]. Thereat, we used: 
—Nanotest Platform 3 (Micromaterials, UK) nanoindentation tester with the attached function unit that enables to im- 
pose loads from 0.01 mN to 500 mN; 
— Nanotest Platform 3 (Micromaterials, UK) tribological nanoindentation tester, a multifunctional system for mechani- 


cal testing of materials through the dynamic nanoindentation. 


The nanoindentation technique makes it possible to study the package of mechanical properties of light boundary 
layers of solids and films up to a few tens of nm thick [9-15]. The mechanical characteristics were studied using a dia- 
mond Berkovich indenter. Taking into account the specific thickness of the investigated films (from several hundred 
nanometers to units of micrometers), the operational mechanical parameters were measured at the nanoscale at indenta- 
tion depths from 20 nm to the micron units. At the nanoscale, the friction coefficient was investigated on the Tri- 
boindenter TI-950 with simultaneous application of normal and lateral loads to the indenter [11, 16, 17]. The normal 
and lateral components of the forces (Fy and F’,) and displacements (Ay and h;) implemented during the replication of 
the tribo contacts by the indenter were recorded continuously. The recorded data were analyzed, which permitted to 
describe the friction and wear processes. The friction coefficient k,,, was an evaluation item. 

The Contour GT-KI optical profilometer with Vision 64 analytical software installed in the Collective Re- 
source Center of Research and Education Center "Materials" (http://nano.donstu.ru/) was used to determine the servo- 
vite film thickness and roughness parameters. The measurements were taken using vertical scanning interferometry 
(VSP) at the scan rate of 0.1 um/s with the repeatability of RMS 0.01 nm. 

The servovite film surface topography was studied using the PHYWE Compact atomic-force microscope 
(AFM) in a semi-contact mode with a single-crystal silicon aluminum-coated probe. 

Research Results. A servovite film, spontaneously arising under the friction interaction in the glycerin solu- 
tion in the copper-steel alloy, is studied fairly well [8, 18]. It is common knowledge that it is formed on the friction face 
under the topographically unequal conditions. Thus, in different places of frictional contact, the properties of the servo- 
vite film are different. Its thickness is less than 2 um, and the mechanical, physical and tribological properties differ 
from those of base compact copper. 

It should be mentioned that one of the glycerin tribooxidation [19] products is carboxylic acid. In that con- 
text, it is interesting to consider the effect of the lubricating medium composition on the mechanical and tribological 
properties of the “brass-steel” tribo-pair under friction in the systematic series of monocarboxylic acids. 

Long-term evolutionary tribological studies of the “brass-steel” friction pair in aqueous solutions of carboxylic 
acids have revealed the following dependence of the tribological characteristics on the lubricating medium composition: 
the length of the hydrocarbon chain of the acid radical increases from Cy to Cs, and the friction factor decreases to 
0.007. 

At that, the lowest value of the friction factor, which is characteristic for the systems implementing the wear- 
lessness effect [20, 21], is obtained in aqueous solutions of the valeric and caproic acids. At the same time, the “brass- 
steel” tribo-pair wear is reduced by 25 times. As a result of the selective transfer under the tribo-mating surfaces fric- 
tion, a copper film with different roughness and surface coating density is formed. 

The friction surface was scanned under transition conditions in the series of the “formic - acetic - propionic - 
oil - valeric — caproic” acids. At that, optical profilometry has revealed, first, a decrease in the servovite film roughness. 
Secondly, the dependence of roughness on the initial topography of the of the test steel disc surface (its R, is equal to 


118 nm) and on the lubricant composition was determined [22, 23] (Fig. 1). 
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Fig. 1. 2D visualization, 3D visualization and surface profile from steel (a), (c) and brass-59 (5), (d) after friction in aqueous solu- 
tions of acetic (a), (b) and caproic (c), (d) acids 


Roughness R, at the base length (Z = 800 um) of the servovite film decreases, for example, in the aqueous ca- 
proic acid, up to 69 nm. (For comparison: this index comes up to 580 nm in an aqueous solution of formic acid and to 
401 nm — in an acetic acid solution.) The difference is due to the corrosive activity of the medium. 

In the formic and acetic acid solutions, scores of scratches, irregularities and pores occur on the tribo-mating 
surfaces, as well as areas with a copper film formed in the island growth mode. In the cross-section of the friction sur- 
face, deep longitudinal grooves are revealed, which goes to show the abrasive wear pattern of the tribocoupling [23, 
24). 

A more detailed scanning of the surface using the AFM method and image visualization discovers considerable 
damage under friction in the formic and acetic acid solutions. On a 3D image, they are visualized as macroscopic dark 
bands corresponding to the areas of intense frictional stress accompanied by strong abrasive wear of tribo-combinations 


(Fig. 2). 
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Fig. 2. Topography of servovite film surface obtained under friction in aqueous solution of acetic (a) and caproic (5) acid 


A comparative analysis of the friction surface morphology upon transition to the acids with a longer hydrocar- 
bon radical, suggests the wear pattern transition, and the structural modification of a thin subsurface film of tribocou- 
pling. 

It follows from the mass transfer of the components of the contacting bodies, as well as from the adsorption of 
copper nanoclusters from the working medium to the counterbody as a result of tribo-electrochemical processes in the 
friction zone during the implementation of the selective transfer. At this, a copper film of fine-grained copper nanoclus- 
ters is formed on the steel surface under the friction interaction in the aqueous solutions of caproic and valeric acids. 
The layer formed on the surface is fairly dense, with a small spread of particles in size (see Fig. 1, 2). 

By now, a significant amount of experimental data has been accumulated [25-29] implying a major change in 
the mechanical properties with reducing the characteristic dimensions of the elements of the object structure of less than 
100 nm. This permits to assume a change in the mechanical parameters of the servovite films as compared to those for 
copper in the volume [30]. To identify this fact, an instrument indentation was carried out. 

The hardness values of H and Young's modulus E were determined by the Oliver-Pharr method [10] from the 
characteristic P-h diagrams (Fig. 3) in accordance with the standards [9]. 
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Fig. 3. Representative P-h diagrams for servovite film obtained through friction of “brass-steel” pair in aqueous solution of valeric 
acid (a), caproic acid (b) 


The undertaken studies showed an increase in the values of H and E films compared to the similar characteris- 
tics of the copper sample. 

The increase in the hardness H and the elasticity modulus £ of the film formed on the friction surface can be 
ascribed to the change in the plastic deformation mechanism. A high vacancy concentration at the grain boundaries dur- 
ing friction interaction promotes grain-boundary sliding of building blocks relative to each other. In this case, the non- 
dislocation plasticity mechanism is implemented [31-34], which results in improving strength characteristics of the cop- 
per surface layer, and in increasing ductility during the transition in the series of the “formic - acetic - propionic - oil - 


valeric — caproic” acids. 
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Besides, the analysis of the dependence of the H and E values of the servovite film on the depth of the h, plas- 
tic impression shows that the hardness is affected by the scale factor. The Young's modulus values remain practically 
constant up to the depths associated with the servovite layer thickness. The films formed through friction in valeric acid 


are of much evidence (Fig. 4). 
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Fig. 4. Dependence of hardness (H) and Young's modulus (£) on the depth of plastic impression (/,) (shown in semilog co- 
ordinates) when indenting servovite film obtained in aqueous solution of valeric acid (a), caproic acid (b) 


The following dimensional effect is identified: 

- H value increases with growth of /, in the shallow depth-region; 
- with further growth of h,, H falls dramatically. 

For other samples, the dimensional effects are feebly-marked. Thus, for example, for the film formed in capro- 
ic acid, the values of H and E remain practically constant within the full tested range of h, (from 23 nm to 1.1 pm). 
Then, with increasing h,, the values of H and F decrease. Obviously, this is due to the increase in the deformation zone 
size: the properties of the transition layer and the substrate material start to affect H and E. And, in the region of deep 
depths of the indentation (4, > 1.1 um), the values of H and E decrease (see Fig. 4). 

The dimensional effect [35, 36] is also found under studying the dependence of the friction factor on the ap- 
plied load in the nano- and microscale [11, 16, 17] (Fig. 5). 
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Fig. 5. Dependence of friction factor & of servovite film on load in nanoscale 


First, it is expressed in a sharp drop in the friction coefficient with an increase in the normal load, up to some 
value of Fyonm. Then, the friction coefficient increases smoothly with increasing Fy. So, the dependences k = f (Fy) have 


sharp minimum if some value of Fryonm is reached [11, 16, 17]. 
The experimental data obtained can be compared to the theoretical dependence of the friction factor on the 


normal load. Hence, it is becoming apparent that they are in good qualitative agreement to all the film samples under 
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study. The Fonm value is affected by the type of carboxylic acid used as a lubricant. For example, for caproic acid, 
FNonm = 30 mN, and for valerian acid, Fyonm = 100 mN. 

Discussion and Conclusions. The mechanical properties of servovite films formed in the “brass-steel” friction 
pair are studied. The dimensional effects in the mechanical (hardness) and tribological (friction factor) properties are 
identified in the nano- and microscale. It is shown that the properties studied and the nature of their changes depend on 
the type of carboxylic acid used. The decrease in the average size of crystallites in the composition of film nanoparticles 
leads to an increase in its strength and the development of superplasticity under tension and shear. 

The results obtained in the paper permit to draw the following conclusions. 

1. During the friction interaction of the “brass-steel” pair in aqueous solutions of carboxylic acids, an antifric- 
tion servovite film is formed on the friction surfaces, which contributes to a sharp decrease in the friction factor. 

2. The servovite film, which is formed under the tribo-interaction of the “brass-steel” pair, is nanostructured. 

3. The tribological parameters of the “brass — aqueous carboxylic acid — steel” system depend on the length of 
the hydrocarbon radical of carboxylic acid used as a lubricant. 

4. The lubricating medium composition affects the roughness parameters of the servovite film: in the transition 
from formic to caproic acid, the film surface roughness is reduced to one-quarter. 

5. Local physical and mechanical properties depend on the conditions for obtaining the servovite layer, the 
load, and the size of the deformation zone (the indentation depth). 

6. The detected dimensional effects (dependence of the determined values on the indentation depth) verify the 
conclusion on the nanostructured character of the servovite film formed in the “brass — aqueous carboxylic acid — steel” 
tribosystem. 
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